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Abstract. Metakaolin (MK) is one of the most effective mineral admixtures for cement-based composites. 
The deposits of kaolin clays are wide-spread in the world. Metakaolin is comparable to silica fume as an active 
mineral admixture for cement-based composites. In this paper, the rheological and mechanical properties of 
cement paste containing metakaolin are investigated. The effect of MK is more evident at “tight” hydration 
conditions within mixtures with low water-cement ratio, provided by application of superplasticizers. The 
cement is replaced with 0 to 15% metakaolin, and superplasticizer content ranged from 0 to 1.5% by weight of 
cementitious materials (i.e. cement and metakaolin). An equation is derived to describe the relationship 
between the metakaolin and superplasticizer content and consistency of pastes. There is a linear dependence 
between metakalolin content and water demand. Second-degree polynomial describe the influence of 
superplasticizer content. The application of SP and MK may produce cement-water suspensions with water-
retaining capacity at 50-70% higher than control suspensions. The investigation of initial structure forming of 
cement pastes with SP-MK composite admixture indicates the extension of coagulation structure forming phase 
comparing to the pastes without additives. Crystallization stage was characterized by more intensive 
strengthening of the paste with SP-MK admixture comparing to the paste without admixtures and paste with 
SP. Results on the porosity parameters for hardened cement paste indicate a decrease in the average diameter of 
pores and refinement of pore structure in the presence of metakaolin. A finer pore structure associated with an 
increase in strength. X-ray analysis data reveal a growing number of small-crystalline low-alkaline calcium 
hydrosilicates and reducing portlandite content, when MK dosage increases. Scanning electron microscopy 
(SEM) data confirm, that hardened cement paste containing MK  has crystalline structure with dominance of 
partially crystalized hydrosilicates and gel-like formations. 
1 Introduction  
Metakaolin (MK), a pozzolanic admixture of N type [1] 
consists mostly of amorphous aluminosilicate, obtained 
by firing kaolin clays with subsequent grinding. One of 
the common area of its application in construction is 
high-performance concrete, self-compacting concrete  
[2-5]. Self-compacting high-strength concrete is 
characterized by basal structure with ‘floating’ aggregate 
particles. In such a structure, grains of aggregate are 
considerably separated and almost do not interact with 
each other. Thus, properties of fresh and hardened 
concrete depend on the rheological, structural and 
mechanical properties of the cement-matrix.  
Incorporation of MK as partial replacement of cement 
leads to significant changes in chemical composition and 
pore size distribution [6]. Studying of poor Greek Kaolin 
clays proved positive eﬀect on the cement strength in 
different age of hardening. However, water demand 
increased significantly. The Ca(OH)2 content of is 
decreases from 7 and 28 days. MK content of 10% is 
considered the optimal replacement [7]. 
Replacement of Portland cement (PC) by MK up to 
20% elongates the initial and ﬁnal setting times of cement 
pastes due to coating effect of MK particles on the 
cement grains [8].  
The rheology parameters of cement grouts containing 
MK, viscosity-modifying admixtures and 
polycarboxylate superplasticizer proved that MK reduces 
fluidity and increases yield stress and plastic viscosity 
[9]. 
The studying of Portlandite consumption in cement 
paste with metakaolin addition from 0 to 15% at constant 
water-binder ratio of 0.55 by thermogravimetric analysis 
proved that maximum removal due to pozzolanic reaction 
occurs at the ages of 14 days during the 365 days period 
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of research. This corresponded to the maximum value of 
relative strength. After the age of 14 days, the reaction 
retarded [10]. 
MK adding proved to lead to refinement of the pores 
at the same water-binder. The proportion of pores with 
radii smaller than 20nm increased as the level of PC with 
MK increased [11].  
Most of the researches on cement pastes do not 
consider mutual influence of MK and superplasticizer 
(SP). However, the presence of SP at subsequent water 
demand reduction permits to create “tight” conditions of 
hydration. There is limited information about the 
properties of cement pastes with equal flowability. 
2 Aim and scope of the research 
The aim of the research was studying fresh and hardened 
cement paste properties with metakaolin in 
superplasticizer as if in this combination they usually 
applied in concrete. 
There have been investigated the peculiarities of 
hydration and early structure formation. 
The research was conducted in three main stages: 
1 – studying of hydration processes at mixing with water: 
determination of water consumption (normal consistency) 
and water retention; 
2 – studying of initial structural formation of pastes at 
setting and early age of hardening; 
3 – studying of hydration and chemical composition of 
hardened cement pastes. 
3 Materials and methods applied 
The materials were used as follows. Locally produced PC 
СЕМІ 42,5, DIN 1146, EN-196 was used. The properties 
of cement are given in Tab. 1 and 2.  
 
Table 1. Physical-mechanical properties of cement 
 
No. Property, units Value 
1 Fineness (008 sieve fraction 
content), % 
5 
2 Specific surface by Blaine, cm2/g 3,300 
3 Normal consistency, % 24% 
4 Hardening 
- begins at 
- ends at 
 
1 h 35 min 
3 h 45 min 
5 Uniformity of volume change Meets the 
requirements 
6 Ultimate strength at 28 days, MPa: 
- flexural 
- compressive 
 
8.75 
54.0 
7 Gypsum content (SO3), % 3.5 
 
Superplasticizer (SP) of naphthalene formaldehyde 
type, high range water reducers – admixtures of F type 
[12]. 
The properties of metakaolin are given in Tab.3 and 4. 
Content of SP and MK was calculated as % of binder 
weight (PC+MK+SP). SP content varied in the range of 0 
– 1.5%, MK content – 0 – 15%. 
Table 2. Chemical composition of cement, % by weight 
No. Composition Value 
1 CaO 67.15 
2 SiO2 21.70 
3 Аl2O3 5.36 
4 Fe2O3 4.10 
5 FeO - 
6 MgO 0.74 
7 Cl - ion content - 
8 Loss on ignition 0.34 
9 Insoluble residue 0.28 
 
Table 3. Chemical composition of metakaolin, % by weight 
 
SiO2 Al2O3 Fe2O3 TiO2 CaO MgO MnO Na2O K2O L.O.I. 
52.5 42.20 0.34 0.70 0.30 0.25 0.01 0.10 0.90 0.50 
 
Table 4. Physical and chemical properties of metakaolin 
No. Property, units Value 
1 Specific surface by Blaine, cm2/g 18,000 
2 Density, g/cm3 2.50 
3 Bulk density, kg/m3 350 
4 Pozzolanic activity, mg/g (by CaO 
absorption) 
25 
5 Normal consistency of metakaolin paste, % 46 
 
There was tested normal consistency, water retention, 
setting time, water absorption according to standard 
methods. The other methods used are described in 
relevant parts of the article. 
For each composition, the tests were conducted two 
times. 
The adequacy of equations obtained was checked by 
calculating the adequacy dispersion, the design value of 
Fisher’s criterion (Fd – criterion) [13] and comparing the 
last with a theoretical one Ft. The regression equation is 
adequate for the given probability level if Fd < Ft. 
4. Normal consistency and water 
retention of cement pastes 
Water consumption of the cement pastes is determined by 
their normal consistency and homogeneity. 
Normal consistency is an important indicator of the 
physical characteristics of the cement paste. It has linear 
dependence on ultimate water retention and depends on 
cement composition and dispersion, as well as the type 
and quantity of additives. 
To determine the impact of composite admixture of 
superplasticizer and metakaolin on normal consistency 
and water retention of pastes, experiments were 
performed two times for each composition. Compositions 
of paste and mean values of normal consistency are 
presented in Table 5. 
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Table 5. Cement pastes compositions and normal consistency 
# 
SP, % of 
binder 
weight 
MK, 
% of binder 
content 
Normal consistency (NC), % 
experimental 
value 
calculated 
value 
1 0 
0 
0.240 0.240 
2 0.5 0.216 0.216 
3 1.0 0.197 0.197 
4 1.5 0.185 0.184 
5 0 
5 
0.252 0.251 
6 0.5 0.227 0.227 
7 1.0 0.210 0.208 
8 1.5 0.197 0.195 
9 0 
10 
0.262 0.262 
10 0.5 0.239 0.238 
11 1.0 0.223 0.219 
12 1.5 0.206 0.206 
13 0 
15 
0.272 0.273 
14 0.5 0.251 0.249 
15 1.0 0.228 0.230 
16 1.5 0.215 0.217 
 
Experimental data are approximated by the following 
equation: 
)100/()( 2
0
1
2
1 ХСNCХВАNC                 (1) 
where A, B – coefficients, determined by the type 
superplasticizer: for used SP: A = 0.011; B = 0.053; 
X1 – SP content, % by binder weight; 
NC0 - normal consistency of cement paste without 
additives, NC0 = 0.24; 
X2 - metakaolin content, % by binder weight; 
C - coefficient, C = NCMK – NC0, where NCMK=0.46 (see 
Tab. 4, normal consistency of metakaolin paste):  
C=0.46-0.24 = 0.22; 
Eq. (1) is adequate at 95% confidence probability: 
Fd = 2.03 < Ft=2.46. 
Fig. 1 demonstrates the influence of MK and SP 
content on normal consistency. As it can be seen from 
eq.(1) and Fig. 1, the dependence of NC on SP content is 
can be approximated by parabola, which means that 
effectiveness of SP decreases as its content grows. It 
corresponds to known experimental data related to silica 
fume [14]. Effect of metakaolin is linear and does not 
depend on the SP content. According to Akhverdov [15], 
the minimum amount of water required for the formation 
of coagulation structures in cement paste, is as follows: 
NCmin = 0.876 NC                                                           (2) 
When water content is equal to NC, water is 
contained mainly in solvate shells. As follows from Tab.5 
and Fig.1 when SP is added water consumption can be 
less than NCmin. At this case effect of dilution caused by 
the action of SP leads to significant reduction in the 
thickness of the solvate shells and the formation of 
additional quantities of free water. NC of cement paste 
with SP is close to theoretical W/C, required for the 
hydration, which is 0.21 ... 0.23 [16]. Introduction of MK 
which has a higher normal consistency than cement (see 
Tab. 4), leads to regular growth of water demand of 
cement paste and decreasing of water-reducing effect of 
SP. However, as shown in Fig. 1, the introduction of high 
dosages of SP (1 ... 1.5%) with MK leads to appreciable 
water content reduction compared to cement paste 
without additives. Replacing 5% of PC by MK at 
SP=1.5%, decreases normal consistency at 20%, for 
replacing PC with 15% of MK water reduction is 10%. 
Water-binder ratio (W/B), which corresponds to 
ultimate water retaining capacity of paste is from 
1.60·NC to 1.65·NC. However, considering some 
possible vibrations at transportation it is considered from 
1.30·NC to 1.35·NC [17, 18].  
There was determined influence of MK and SP on 
water-retaining capacity of cement suspensions. 
There was determined water bleeding coefficient (Kb, 
%) of cement suspensions with the SP and MK at water-
binder ratio (W/B) equal to 1. Kb represents the volume 
of water separated: 
100
a
bаKb 

                                                     (3) 
where a is an initial volume of cement suspension cm3; 
b is the volume of cement of settled suspension, cm3; 
Then the water-retaining capacity suspensions is as 
follows 
WR=1-Kb                                                                       (4) 
     WR, divided by 100, is W/B of settled suspension. 
Mean values of bleeding coefficients and water-retaining 
capacity is shown in Tab. 6. 
 
Table 6. Water bleeding coefficient and water retaining 
capacity of cement suspensions 
# SP, % 
МТК, 
% 
Water bleeding coefficient, % 
Water retaining capacity, % 
after, hours 
0 0.5 1 1.5 2 2.5 3 3.5 4 
1 0 0 0 100 
25.4 
74.6 
36.8 
63.2 
41.9 
58.1 
44.2 
55.8 
45.2 
54.8 
45.6 
54.4 
45.8 
54.2 
45.9 
54.1 
2 0 10 0 100 
13.2 
86.8 
19.0 
81.0 
22.0 
78.0 
23.9 
76.1 
25.5 
74.5 
25.9 
74.1 
25.9 
74.1 - 
3 0.5 10 0 100 
17.6 
82.4 
25.5 
74.5 
29.0 
71.0 
30.0 
70.0 
31.1 
68.9 
32.0 
68.0 
32.4 
67.6 
32.5 
67.5 
4 1 10 0 100 
21.0 
79.0 
30.0 
70.0 
35,2 
64,8 
37,8 
62,2 
38,0 
62,0 
38,7 
61,3 
39.4 
60.6 
39.5 
60.5 
5 1.5 10 0 100 
23.5 
76.5 
34.5 
65.5 
41,6 
58,4 
43,8 
56,2 
44,0 
56,0 
45,5 
54,5 
45.6 
54,4 
45,7 
54,3 
6 1 0 0 100 
30.0 
70.0 
45.7 
54.3 
54.5 
45,5 
56.0 
44,0 
57.5 
42,5 
58.9 
41,1 
58.9 
41.1 - 
7 1 5 0 100 
25.0 
75.0 
38.5 
61.5 
43.0 
57.0 
47.0 
53.0 
48.5 
51.5 
48.8 
51.2 
48.9 
51.1 
49.0 
51.0 
8 1 10 0 100 
19.0 
81.0 
30.0 
70.0 
34.5 
65.5 
38.0 
62.0 
38.3 
61.7 
38.9 
61.1 
39.0 
61.0 - 
9 1 15 0 100 
14.5 
85.5 
24.0 
76.0 
25.5 
74.5 
27.0 
73.0 
28.5 
71.5 
28.8 
71.2 
28.9 
71.1 - 
 
The influence of water retention on time of settlement 
can be described by the hyperbola dependence with 
horizontal asymptote as following 
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    WR=100-(А+BХ1+CХ2)·(1-1/Dt),                              (5) 
where Х1 – SP content, % binder weight; Х2 – МТК 
content, % binder weight; t- time of sedimentation, h; А, 
B, C and D are coefficients, which depend on properties 
of materials applied (MK, SP); in current research: А=46; 
В=13; С=-2; D=5. 
Eq. (5) is adequate at 95% confidence probability: 
Fd = 1.35 < Ft=1.36. 
 
Fig. 2 shows dependencies of water retaining capacity 
on the SP and MK content. With increasing SP content 
ordinate asymptote decreases (Fig. 2 a); as MK dosage 
increases - ordinate asymptote increases too. (Fig. 2 b). 
The second part of the equation describes the dependence 
of water-retaining capacity on the time.  
As time of settlement of suspension grows, water 
retaining capacity reduces close to asymptote. The 
presence of MK reduces bleeding of suspension due to 
higher sedimental stability of smaller particles of MK 
comparing to Portland cement. 
According to the data Tab. 6, the use of additives SP 
and MK, allows to obtain at the end of experiment 
suspensions with WR= (2.5-3)·NC. At the same time, the 
control suspension without additives at the end of the 
experiment has WR≈2 NC, that value is close to the 
theoretical limit of water-retaining capacity of cement 
(upper limit of thixotropy) [14]. That is caused by higher 
water demand of MK comparing to PC.  
 Thee water-retaining capacity of suspensions made 
with binders of equal water consumption was compared. 
It was assigned NC=0.24 (as for control composition). 
Varying MK content from 5 to 15%, SP content was 
calculated according to formula (1). According to 
formula (4) the water retention was determined. The 
results are shown in Fig. 3.  
 As it can be seen increasing of MK content at 
substantial SP dosage increase leads to significant growth 
of water retaining capacity. At replacing 5% of PC by 
MK WR=61.3% (W/B=0.613), at 15% - WR=74.7% 
(W/B=0.747). 
 In the case of self-compacting high-strength concrete 
W/C is normally lower than 0.4. Taking into 
consideration water consumption of fine and coarse 
aggregate for their moistening, actual W/C of cement 
paste in concrete is within the range 0.25-0.35 [19]. 
Taking into consideration ultimate water retention of 
control cement paste water-binder ratio selected for 
further research was W/B=1.35NC0= 1.35·0.24= 0.33 (5). 
5 Peculiarities of initial structure 
forming of cement pastes 
The flowability of the pastes tested in the research 
was determined by the flow spread diameter of the Vicat 
apparatus cone (upper Ø70 mm, bottom Ø100 mm, 
h=40mm). The diameter of paste was assigned for 
compositions #2-5 as (200±1) cm. In this case we 
received self-levering paste like that in self-compacting 
concrete. The compositions are shown in Tab. 7. 
 
Table 7. Cement pastes compositions 
 
# W/B 
Flow 
spread 
diameter, 
mm 
MK, % 
by binder 
weight 
SP, % by 
binder 
weight 
NC 
(according 
to formula 
(1)) 
1 
0.33 
100 0 0 0.240 
2 
200 
0 0.32 0.224 
3 5 0.46 0.229 
4 10 0.64 0.232 
5 15 0.95 0.233 
Fig. 2. Kinetics of water retaining of cement suspensions:  
a) a) at MK=10%, 1 - SP=0%, 2 – SP=0.5%, 3 – SP=1%,  
4 – SP=1.5% 
b) at SP=1%, MK=15%, MK=10%, MK=5% 
 
 
Рис. 3.2. Кінетика водоутримуючої здатності суспензій: 
    а) при МТК=10% при зміні витрати СП: 1- 0%; 2- 0,5%; 3- 1,0%; 4-1,5%; 
    б) при СП=1% при зміні витрати МТК: 1- 15%; 2- 10%; 3- 5%; 4- 0%; 
              в) 1- СП=0,72%, МТК=15%; 2- СП=0,45%, МТК=10%; 3- СП=0,21%, 
МТК=5%; 4- СП=0%; МТК=0% 
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For determination of initial structure formation of 
cement paste there were used standard setting time test 
and ultrasonic pulse velocity. Comparing setting time of 
the compositions is shown in Tab 8.  
Table 8. Setting time of cement pastes according to Vicat 
apparatus and ultrasonic pulse velocity test 
# NC, % 
Setting time (Vicat apparatus),  
h-min 
Setting time 
by ultrasonic 
pulse velocity 
test W/B=NC W/B=0.33 
initial final initial final initial 
1 24.0 1 - 35 3 - 45 4 - 25 6 - 45 4 - 00 
2 22.4 3 - 15 4 - 35 6 - 30 7 - 50 6 - 10 
3 22.9 1 - 25 4 - 20 4 - 40 8 - 00 4 - 30 
4 23.2 1 - 45 4 - 35 4 - 50 8 -25 4 - 25 
5 23.3 2 - 15 4 - 55 5 - 00 8 - 40 4 - 50 
 
As cement had relatively low-volume of C3A, SP do 
not adsorb intensively by aluminates. Therefore, SP 
retards setting of cement paste due to lower thickness of 
the solvate shells comparing to high-alumina cements and 
releasing of additional mixing water. The water can 
adsorb both at the grains of unhydrated cement and 
hydrated new formations. At adsorption, diffusive 
resistance increases and dissolution of cement grains 
inhibits [14, 19]. At MK addition and SP there is a “tight” 
hydration conditions [20] there is close contact between 
the solid particles due to the increase of its concentration 
and higher surface area of MK. Because of the increase of 
physically and chemically bound water, the thickness of 
water interlayers reduces. This leads to acceleration of 
initial setting time. With time, the intensity of new 
formations growth reduces, and the final setting time of 
pastes #3-5 is close to paste #2. As MK content increases, 
structure forming processes of paste retards due to 
adsorption of SP on particles of MK and blocking of 
cement hydration. Similar phenomena are observed for 
pastes with W/B = 0.33. However, because of their higher 
water content, processes initial structure forming retard at 
3-5h (Tab 8). 
The ultrasonic velocity can determine the end time of 
inductive stage in structure formation after mixing with 
water [21], which corresponds to initial setting time. The 
method of through passage of longitudinal ultrasonic 
pulse was used during 24 h with measuring each 30 min. 
Results of the test are given in Tab. 8 and Fig. 4 (for 
compositions #1, 2 and 4, W/B=0.33). 
As shown in the Fig. 4, curves of ultrasonic pulse 
velocity have sections, which correspond to the stages of 
structure forming. At the initial stage (the inductive 
period) C slightly increases (marked as horizontal 
section). Subsequent formation of low-strength 
crystallization structure of aluminate components 
significantly affects C: dC/dτ is maximum at this stage. 
At the stage of silicates crystallization, which are the 
main carriers of strength, the rate of velocity growth 
reduces.  
The initial stage of coagulation structure forming is 
characterized by horizontal sections, which ends by 
inflection point (white point). It corresponds to the initial 
setting time. Growth of MK content leads to intensifying 
of the ultrasonic pulse passage. 
This research method is more informative for initial 
structure forming than setting time test. Setting time test 
permits to estimate the period of coagulation. Whereas 
ultrasonic pulse velocity test – to estimate the physical 
and chemical changes that lead to the formation of 
microstructure of the pastes. However, the values of 
initial setting time determined by these both methods are 
correlated with each other. The introduction of the SP and 
MK retards initial structure formation due to the of 
adsorptive films of SP, which prevent hydration. 
Crystallization structure stage is characterized by 
intensive strengthening of paste with SP and MK due to 
the active binding of portlandite with metakaolin and the 
formation of additional quantities of stable low-basic 
crystalline hydrate CSH (I).  For more detailed testing of 
structure formation processes X-ray SEM analysis were 
applied.  
6 Peculiarities of structure of hardened 
cement paste 
There were determined influence of MK and SP on 
porous structure of cement paste and its phase 
composition. To provide uniformity and compatibility of 
output parameters all the pastes had equal consistency 
(flow spread diameter 200 mm) and W/B=0.33. 
The peculiarities of the modification of cement 
paste with MK and SP additions is determined by the 
parameters of its pore structure. One of the most simple 
and universal methods of investigation pore structure of 
cement is water absorption method [22], which allows to 
determine how integrated (apparent porosity) and 
differential parameters of pore structure (the average pore 
size and uniformity of their size).  
Numerous experiments of water absorption of 
multicapillary materials such as cement stone and 
concrete, can be described by exponential function. In 
general, water absorption curves of cement pastes are 
Fig. 4. Ultrasonic pulse velocity at early structure 
formation of cement pastes: 
1 – SP=0.64%, MK=10%; 2 – SP=0.32% 3 - control 
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approximated by three-parameter exponential function of 
the form: 
 
   eWW 1max                                                      (6) 
 
where Wτ is water absorption after τ hours, %; Wmax – 
conventional value of maximum water absorption, %; λ – 
coefficient, which determines average diameter of 
capillary pores; α – coefficient, which determines 
uniformity of capillaries size; τ – time of saturation of 
specimen, h. 
For determination of porosity paraments according to 
kinetics of water absorption cubic specimens with 7 cm 
sedge were prepared. After curing at normal hardening 
chamber for 28 days, the specimens were dried at 
t=105…1100C. The water absorption was determined 
during 2 h after saturation and in 24 h of saturation, 
(which corresponds to conventional total open porosity). 
Kinetics of water absorption is shown on Fig. 5.  
For all the pastes (see Tab. 7) Eq. 6 is adequate at 
95% confidence probability: composition #1: 
Fd=1.94<Ft=4.19; #2:Fd=1,77<Ft=4,19; 
#3:Fd=2,05<Ft=4,53; #4:Fd=1,66<Ft=3,84; 
#5:Fd=1,83<Ft=4,1. 
There was determined weight water absorption, %: 
100
0
024 


m
mmWm ,                                                 (7) 
And volumetric water absorption, % (open porosity): 
100
2424
024
0 



вmm
mmW ,                                                 (8) 
where т0   is a mass of the specimen in dry state (weight 
in air), kg; т24 is a mass of specimen after 24h of 
saturation (weight in air), kg; тw24  is a mass of specimen 
after 24h of saturation, (weight in the water) kg. 
 
As it can be sen from the Tab. 9, the growth of MK 
content in binder leads to reduction of average diamenter 
of pores (coefficient λ) and  increasing their uniformity 
(coefficient α). Water absorption and open prosity 
reduces.  
Table 9. Parameters of porous structure of cement paste 
# SP, % 
МТК, 
% α λ 
Water 
absorption 
(mass) 
Wm, % 
Water 
absorption 
(volume) 
W0, % 
1 0 0 0.494 1.889 9.80 19.39 
2 0,32 0 0.417 1.847 9.61 18.72 
3 0,46 5 0.491 1.690 7.44 14.55 
4 0,64 10 0.476 1.663 7.52 14.01 
5 0,95 15 0.451 1.401 7.06 13.20 
 
It confirms the data about formation of fine-
crystalline structure with prevalence of low-base calcium 
silicates  CSH(I) [24]. In accordance to the general laws 
of structure formation [23], the introduction of ultra-fine 
materials leads to a change in the balance between the gel 
(and capillary pores in favor of the first and cement 
structure is more dispersed. 
There were conducted X-ray and SEM study of 
cement at the age of 28 days, at early stages of structure 
formation with the addition of ultrafine reactive materials 
“physical factor" dominates, which " fill the volume 
between coarse particles of cement and form numerous 
low-strength coagulation contacts" [24]. "Chemical 
factor", which is expressed in changing the balance of 
hydration new formations to growth of number of 
stronger and more stable compounds, has significant 
value in later ages of hardening.  
0,0
0,2
0,4
0,6
0,8
1,0
0 1 2 3 4 5 6
τ, год
Wτ/Wmax 
 
 1   2    3       4        5 
 
Fig. 5. Кinetics of water absorption of cement paste: 
1 - MK=0%, SP=0%;  2 - MK =0%, SP=0.32% ; 
3 - MK =5%, SP=0.46%; 4 - MK =10%, SP=0.64%; 
5 - MK =15%, SP=0.95% 
0             1             2              3            4             5             6 
τ, hours 
1.0 
.  
.  
.  
.  
.  
Fig. 6. X-ray of cement stone at the age of 28 days: 
1 - MK =0%, SP=0.32%; 2 - MK =5%, SP=0.46%;  
3 - MK =10%, SP=0.64% 
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The results of X-ray analysis at the age of 28 days 
(Fig. 6) For all pastes indicate the presence of crystalline 
crystallized tobermorite-like calcium hydrosilicates 
СSН(І) with variable structure: (1-1.5) СаО∙SiO2∙H2O 
(d=0,305; 0,279; nm). As the dosage of MK grows – the 
content of the minerals increases, as it can be seen from 
increased intensity of the diffraction peaks. Portlandite 
Ca(OH)2 content (d=0,490; 0,263; 0,143 nm), decreases 
with increasing portion of MK. Small amount of 
ettringite (d = 0,155 nm) is present in both early and late 
terms of hardening, the content of it is proportional to the 
amount of metakaolin and tobermorite-like calcium 
hydrosilicate CSH (II) 2CaO∙SiO2∙H2O (d = 0.199 nm). 
The results of SEM analysis of cement paste structure 
(Fig. 7) show dominance of fine crystalline hydrates and 
gel-like products. Overall cement structure is dispersed.  
Conclusions 
1. The following conclusions are based on the results of 
this investigation. The normal consistency depends on 
the content SP and MK, which indicates a positive 
linear relationship between the water demand increase 
and  MK content growth. The influence of SP content 
is described by polynomial of the second degree that 
confirms reduction of SP efficiency superplasticizer 
when the content in the paste over 1 ... 1.5%. 
2. It is shown that the use of SP and MK allows to 
obtain cement suspensions with water-retaining 
capacity up to (2.5-3.0) NC, while for the control 
suspension it is (1.65-1.75) NC. It is caused by high 
water-retaining ability of metakaolin. 
3. The structure of cement pastes with admixtures show 
elongation of coagulation stage structure compared to 
control paste. Crystallization stage is characterized by 
more intensive strength growth of pastes with SP and 
MK comparing to that with SP indicated by ultrasonic 
pulse velocity. 
4. There is a decrease in the total diameter pores and 
improve in their homogeneity when SP and MK are 
added.  
5. X-ray data give evidence of the growing number of 
small-crystalline low-base calcium hydrosilicates and 
reduction of Portlandite in cement, at increasing the 
MK content. According to SEM analysis cement paste 
with SP and MK has crystalline structure that has fine 
crystalline structure with partly crystalized 
hydrosilicates and gel-like formations. 
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